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Available online 21 February 2008AbstractTo investigate the fate of ice algae released from sea ice, we investigated the abundance, species composition, and sinking flux of
diatoms in the water column under fast ice near Syowa Station, Antarctica during the summer of 2005/2006. The diatom assem-
blage in the water column consisted of chain-forming planktonic species, in contrast to the under-ice assemblage dominated by
pennate species reported from this site in the past; this dissimilarity suggests the presence of an unconsolidated platelet ice layer
under the congelation ice, within which planktonic species can bloom. Among the dominant diatoms, Porosira pseudodenticulata
and Pseudo-nitzschia cf. turgiduloides were dominant in the water column, and their water column stocks were higher than their
mass sedimentation. These species apparently maintain their populations in the surface layer, as their production remains in the
water column. In contrast, Fragilariopsis kerguelensis and Thalassiosira australis were scarce in the water column but rich in
the flux, indicating active sinking and export of their production to the benthic ecosystem. This distinction in buoyancy control
and sinking characteristics of the dominant diatoms on release from the fast ice influences the diatom species composition and
carbon flow under the ice.
 2008 Elsevier B.V. and NIPR. All rights reserved.
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Ice algal communities, characterized by the predom-
inance of diatoms, develop extensively on the undersur-
face of sea ice in the Antarctic Ocean (Garrison et al.,
2005; Horner et al., 1992; Palmisano and Garrison,* Corresponding author.
E-mail address: ichinomiya@lasc.co.jp (M. Ichinomiya).
1873-9652/$ - see front matter  2008 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2008.01.0011993). When the ice melts, large numbers of diatom
cells are released into the water column (Grossi et al.,
1987; Taguchi et al., 1997), providing an important
food source for both pelagic and benthic food webs
(Mincks et al., 2005; Suhr and Pond, 2006).
In the water column under fast ice, the abundance
and species composition of diatoms vary greatly during
the Antarctic summer (Ishikawa et al., 2001). Sea ice
and snow cover reduce the penetration of solarreserved.
34 M. Ichinomiya et al. / Polar Science 2 (2008) 33e40radiation, thereby restricting algal growth in the water
column (Ishikawa et al., 2001; McMinn, 1996; Odate
et al., 2004). Variations in diatom species composition
in the water column are therefore associated with var-
iations at the interface between sea ice and the under-
lying water column. The removal of snow from the ice
leads to changes in the floral composition (Mundy
et al., 2005), and nutrient limitations control the suc-
cession to flagellates or lightly silicified diatoms
(McMinn and Hodgson, 1993; McMinn et al., 1999).
Diatom species compositions also depend on buoy-
ancy control or sinking characteristics (Smetacek et al.,
2004). For example, in the ice-covered Arctic areas of
Hudson Bay, Canada, Navicula pelagica maintains its
populations in the water column after release from
sea ice, whereas Nitzschia frigida sinks rapidly (Michel
et al., 1993). These contrasting sinking characteristics
act to differentiate the fates of the ice algae (Tremblay
et al., 1989); however, little is known of the species-
specific sinking characteristics of diatoms after their
release into the water column in Antarctic ice-covered
areas (Scharek et al., 1994).
Diatoms are abundant in the summertime water col-
umn beneath fast ice near Syowa Station, East Antarc-
tica (Ichinomiya et al., 2007; Tanimura et al., 1990),69°00'S
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Fig. 1. Location of the sampling station nwhere a clear species succession of diatoms has been
observed (Ishikawa et al., 2001). In the present study,
we investigated temporal variations in the abundance,
species composition, and sinking fluxes of the diatom
assemblage in the water column. Comparison between
the water column stocks and mass sedimentation of the
dominant diatoms revealed that their sinking character-
istics affect the carbon flow under fast ice in coastal
Antarctica.
2. Materials and methods
Samples were collected at a coastal sampling station
(69000S, 39370E; 67 m water depth) located on the
fast ice near Syowa Station, East Antarctica between
26 December 2005 and 2 February 2006 (Fig. 1).
Water samples were collected using a 5-l Niskin sam-
pling bottle at depths of 2, 5, 10, 20, 30, and 50 m and
fixed with acid Lugol’s solution (1% final conc.). Sink-
ing diatom cells were collected using a cylindrical
sediment trap (53 cm long, 14.5 cm inner diameter)
with six sampling bottles (each with a collecting area
of 27.5 cm2) at the bottom of the trap. The trap,
moored at 20 m depth at the station every 3e8 days
between 29 December 2005 and 30 January 2006'E 39°42'E
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Table 1
Diatom species observed between 26 December 2005 and 2 February
2006 in the water column under the fast ice at a station located near
Syowa Station
Species
Centric diatoms
Chaetoceros flexuosus Mangin
Chaetoceros sp. 1
Chaetoceros sp. 2
Chaetoceros spp.
Corethron criophilum Castracane
Coscinodiscus bouvet Karsten
Coscinodiscus sp. 1
Eucampia antarctica (Castracane) Mangin
Odontella weissflogii (Janisch) Grunow
Odontella sp. 1
Porosira pseudodenticulata (Hustedt) Jouse´
Rhizosolenia sp. 1
Rhizosolenia sp. 2
Thalassiosira australis Peragallo
Thalassiosira tumida (Janisch) Hasle
Thalassiosira spp.
Pennate diatoms
Amphiprora kufferathii Manguin
Cocconeis sp.
Fragilariopsis kerguelensis (O’Meara) Hustedt
Fragilariopsis spp.
Navicula spp.
Pleurosigma directum Grunow
Pleurosigma spp.
Pseudo-nitzschia cf. turgiduloides
Synedropsis spp.
Other pennate diatoms
35M. Ichinomiya et al. / Polar Science 2 (2008) 33e40(Ichinomiya et al., 2008), was filled with artificial seawa-
ter with a salinity of ca. 35 g l1, but no poison or fixa-
tive. After deployment, the seawater above the sampling
bottles was gently removed and the trap sample in one
of the sampling bottles was transferred to a 500 ml poly-
ethylene bottle. The sample volume was made up to
500 ml with filtered seawater with 2% formalin.
In the laboratory, diatoms were counted using the
Utermo¨hl (1958) technique; 50e1000 ml aliquots of
the water and sediment trap samples were examined.
We counted only intact diatom frustules with cytoplasm
as living diatoms, not empty frustules (dead cells).
Diatoms species were identified with reference to
Medlin and Priddle (1990), El-Sayed and Fryxell
(1993), Hasle and Syvertsen (1997), and Scott and
Thomas (2005). In the present study, all Pseudo-
nitzschia cells were assigned to Pseudo-nitzschia cf.
turgiduloides because most Pseudo-nitzschia cells
collected previously in the study region have been iden-
tified as Pseudo-nitzschia turgiduloides on the basis of
scanning electron microscopy (Ishikawa et al., 2001).
Biovolume estimates of the dominant diatoms were
made from the mean linear dimensions of 300 cells
using the appropriate geometric formulae (Hillebrand
et al., 1999). In estimating the third dimension in vol-
ume calculations for pennate diatoms, the ratio of the
pervalvar to transapical axes was assumed to be 0.9
(Cornet-Barthaux et al., 2007). Biomass was converted
to carbon weight from the cell volume according to the
equation of Smayda (1978).
log10CðpgÞ ¼ 0:76 log10

cell volume

mm3
 0:352:
The water column stock of each dominant diatom
was calculated by averaging the integrated values
from 2 to 20 m water depth, and mass sedimentation
onto the bottom was calculated from the total sinking
flux measured between 29 December 2005 and 30
January 2006. These values were then converted to car-
bon biomass.
3. Results
3.1. Environmental conditions under the fast ice
The water temperature ranged from 0.6 to
1.8 C in the upper 5 m, and from 1.5 to 1.7 C
in deeper water (Ichinomiya et al., 2007); no thermal
stratification was found in water deeper than 10 m.
Salinity varied from 33.8 to 34.1 in the upper layer,
but dropped to below 16.0 on 12 January and 30.4 on
30 January at the surface, indicating ice melt.3.2. Abundance and species composition of the
diatom assemblage in the water column
Over the course of the study, we identified 19 species
and 15 generic groups (Table 1). We recorded similar
temporal variations in the abundances of centric and
pennate diatoms at 2e50 m water depth (Fig. 2a, b).
Centric diatoms began to increase in abundance from
the beginning of January, reached a maximum of
1.5 109 cells m2 on 24 January, and thereafter de-
creased to 2.3 108 cells m2 on 2 February. The abun-
dance of pennate diatoms peaked at 3.9 1010 cells m2
on 30 January.
The centric diatoms were largely dominated by
Porosira pseudodenticulata throughout the investiga-
tion period (Fig. 2c), although Thalassiosira australis
was dominant on 12 January (40%) and Chaetoceros
spp. was dominant on 2 February (50%). Pennate dia-
toms were mostly P-n. cf. turgiduloides, although Fra-
gilariopsis kerguelensis and Fragilariopsis spp. were
dominant during the early stages of the study (Fig. 2d).
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Fig. 2. Temporal variations in (a, b) integrated value of the concentration through the water column at depths of 2e50 m and (c, d) species com-
positions of centric and pennate diatoms.
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diatoms
Among the diatoms identified to species, the domi-
nant species were F. kerguelensis, P. pseudodenticulata,
P-n. cf. turgiduloides, and T. australis. These four
species showed contrasting dynamics in the water col-
umn, with peak abundances at different times (Fig. 3).
F. kerguelensis peaked first, at 1.9 104 cells l1 at
20 m, on 29 December, and was present mainly from
early to mid-January (Fig. 3a). Next, T. australis peaked
at 1.7 104 cells l1 at 10 m on 12 January, and was
present only duringmid-January (Fig. 3d). P. pseudoden-
ticulata peaked at 5.1 104 cells l1 and P-n. cf. turgid-
uloides at 2.4 106 cells l1, both at 10 m on 24
January; both species were abundant from mid to late
January (Fig. 3b, c).
3.4. Sinking fluxes of the dominant diatoms
The sinking fluxes of the four dominant diatoms were
similarly low from 29 December to 10 January, butthereafter showed species-specific fluctuations (Fig. 4).
The sinking flux of F. kerguelensis peaked at
2.3 108 cells m2 d1 over 27e30 January and
1.8 108 cells m2 d1 during 10e18 January (Fig. 4a).
P. pseudodenticulata peaked at 8.1 105 cells m2 d1
during 10e18 January before decreasing to a minimum
during 27e30 January (Fig. 4b). In contrast, P-n. cf. tur-
giduloides showed a gradual increase in sinking flux dur-
ing 10e30 January, peaking at 2.3 108 cells m2 d1
over 27e30 January (Fig. 4c). T. australis peaked at
3.7 107 cells m2 d1 during 18e27 January (Fig. 4d).
3.5. Water column stock and mass sedimentation
Among the dominant species, the water column
stock of P-n. cf. turgiduloides was highest at
1.0 1010 cells m2, followed by P. pseudodenticulata
at 2.9 108 cells m2 (Table 2). The mass sedimenta-
tion rates of these species (3.0 109 and
1.4 108 cells m2, respectively) were lower than their
water column stocks. In contrast, the mass sedimenta-
tion rates of F. kerguelensis (2.4 109 cells m2) and
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Fig. 3. Temporal variations in the concentrations of the dominant
diatoms in the water column.
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diatoms.
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water column stocks (7.9 107 and 4.0 107 cells m2,
respectively).
The biomasses of thewater column stocks of P. pseu-
dodenticulata and P-n. cf. turgiduloides were 7.4 102
and 3.5 102 mg Cm2, respectively, together ac-
counting for 93% of the dominant diatoms. The high
abundance of P. pseudodenticulata arose because it
has the largest cell volume among the dominant diatoms
and second-highest cell number. In mass sedimentation,
T. australis was most abundant at 6.7 102 mg Cm2,
although it had a low water column stock of
50.3 mg Cm2. F. kerguelensis, which was scarce in
the water column (8.7 mg Cm2), recorded a high
mass sedimentation (3.6 102 mg Cm2), as didP. pseudodenticulata (3.6 102 mg Cm2). Compared
with its rich water column stock, P-n. cf. turgiduloides
contributed relatively little to mass sedimentation
(1.0 102 mg Cm2).
As an index of diatom sinking characteristics, we
calculated the ratio of mass sedimentation to water col-
umn stock (Table 2). The ratios obtained for P. pseudo-
denticulata and P-n. cf. turgiduloides were 0.49 and
0.30, respectively, as their water column stocks were
higher than their mass sedimentation rates. These
values were much lower than those of 30.9 and 13.6
obtained for F. kerguelensis and T. australis, respec-
tively, for which their mass sedimentation rates far
exceeded their water column stocks.
Table 2
Mean biovolume, carbon biomass, water column stocks, and mass
sedimentation of the four dominant diatoms, and their ratios of
mass sedimentation to water column stocks
Fk Pp Pt Ta
Mean volume (mm3) 2.0 103 8.6 104 3.0 102 3.4 104
Mean cell carbon
(pg C cell1)
1.5 102 2.5 103 34.0 1.3 103
Water column stock (2e20 m)
Cell number
(cells m2)
7.9 107 2.9 108 1.0 1010 4.0 107
Biomass (mg Cm2) 11.5 7.4 102 3.5 102 50.3
Mass sedimentation
Cell number
(cells m2)
2.4 109 1.4 108 3.0 109 5.4 108
Biomass (mg Cm2) 3.6 102 3.6 102 1.0 102 6.7 102
Mass sedimentation/
water column stock
30.9 0.49 0.30 13.6
The water column stock was calculated by averaging the integrated
values of the water column over 2e20 m depth. The mass sedimenta-
tion was calculated by integrating the sinking fluxes between 29 De-
cember 2005 and 30 January 2006. Fk: Fragilariopsis kerguelensis;
Pp: Porosira pseudodenticulata; Pt: Pseudo-nitzschia cf. turgidu-
loides; Ta: Thalassiosira australis.
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4.1. Diatom species composition in the water column
P. pseudodenticulata and P-n. cf. turgiduloides were
predominant in the water column, with F. kerguelensis
and T. australis being temporal dominant within the
diatom assemblage (Fig. 2). Unfortunately, we con-
ducted no replicate sampling at our site, meaning
that we are unable to calculate variances for the abun-
dance and sinking fluxes. Ishikawa et al. (2001)
reported the predominance of P. pseudodenticulata
and P-n. cf. turgiduloides near Syowa Station in the
summer of 1997/1998, with a maximum total diatom
abundance in the order of 106 cells l1, similar to that
obtained in the present study (Ichinomiya et al., 2007).
Their maximum sinking flux of 1.5 108 cells m2 d1
for P-n. cf. turgiduloides is similar to the value of
2.3 108 cells m2 d1 recorded in our study; however,
their flux of 5.1 106 cells m2 d1 for P. pseudodenti-
culata is higher than the value of 8.1 105 cells m2 d1
obtained in the present study. These values indicate
minor inter-annual variations in the species composi-
tion and abundance of diatoms around Syowa Station,
but large variations in sinking flux.
The four dominant diatom species identified in the
present study are chain-forming species that are com-
monly found on and close to sea ice, being recognizedas ice-associated species (Garrison et al., 2005; Palm-
isano and Garrison, 1993; Roberts et al., 2007; Ryan
et al., 2006; Scharek et al., 1994; Scott and Thomas,
2005). This species composition is different from that
in the bottom community of sea ice near Syowa Station
in summer (Watanabe et al., 1990), when solitary pen-
nate diatoms such as Amphiprora kufferathii, Nitzschia
stellata, and Nitzschia lecointei are dominant. In gen-
eral, the most prominent microalgae in sea ice are soli-
tary or tube-dwelling periphytic pennate diatoms (Mock
and Thomas, 2005; Thomas and Dieckmann, 2002).
This contrast in diatom species composition between
sea ice and the underlying water column might be
explained by the presence of a platelet ice layer
(Riaux-Gobin et al., 2000). Unconsolidated ice platelets
accumulate under the congelation ice, incorporating
both planktonic and benthic substrates (Smetacek
et al., 1992). Chain-forming planktonic species that
are inactive in sea ice grow strongly in the platelet ice
layer and are released into the underlying water column
(Palmisano and Sullivan, 1983), thereby explaining the
contrasting diatom species compositions of sea ice and
the water column. Platelet ice communities of diatoms
have been found in both Arctic and Antarctic coastal
areas (Ackley and Sullivan, 1994; Grossi et al., 1987;
Michel et al., 1993), and a ‘sherbet-like’ ice layer has
been observed upon the base of the fast ice around
Syowa Station (Sasaki and Watanabe, 1984).
4.2. Sinking characteristics of diatoms under fast ice
We found species-specific variations in the abun-
dance and sinking fluxes of the dominant diatoms
(Figs. 3, 4). P. pseudodenticulata and P-n. cf. turgidu-
loides were predominant in the water column (Fig. 2),
and their water column stocks were higher than their
mass sedimentation (Table 2); in contrast, the water col-
umn stocks of F. kerguelensis and T. australis were
minor in comparison with their high mass sedimenta-
tion. These results suggest that P. pseudodenticulata
and P-n. cf. turgiduloides maintain their populations
in the water column, whereas F. kerguelensis and
T. australis sink immediately.
Tomaintain their populations in the surfacewater col-
umn would be advantageous for diatoms released from
the ice bottom, as sea icemelt enhances light penetration
and thus cell growth (Michel et al., 1993). The lightly
silicified frustules of Pseudo-nitzschia species might
well act to prevent sinking to the deep bottom (Brzezin-
ski, 1985). The sinking characteristics of P. pseudoden-
ticulata are unknown, but the fact that it has the largest
cell size among the four dominant specieswould suggest
39M. Ichinomiya et al. / Polar Science 2 (2008) 33e40that it sinks rapidly (Table 2). It must also be remem-
bered, however, that the ratio of mass sedimentation to
water column stock of P. pseudodenticulata is similar
to that of P-n. cf. turgiduloides rather than those of
F. kerguelensis and T. australis, suggesting that P. pseu-
dodenticulata possesses a degree of buoyancy control.
Sinking to the bottom is an important survival strat-
egy for diatoms to avoid nutrient depletion and grazing
by zooplankton at the surface (Smetacek, 1985; Verity
and Smetacek, 1996). In this regard, the highly silici-
fied cell walls in F. kerguelensis might enhance its
sinking (Crosta et al., 1997; Hamm et al., 2003). The
dominance of mass sedimentation over water column
stocks for F. kerguelensis and T. australis indicates
that these species preferentially sink to the bottom after
their release from sea ice (Table 2).
4.3. Influence of the sinking characteristics of diatoms
on species composition and carbon flow
The different sinking characteristics of the dominant
diatoms identified in this study led to temporal varia-
tions in the diatom species composition in the water
column (Fig. 2). P. pseudodenticulata and P-n. cf. tur-
giduloideswere dominant for approximately 1 month of
the study period, whereas F. kerguelensis and T. aus-
tralis were dominant for only several days. These dif-
ferences in the periods of time over which the species
were dominant would have affected carbon flow under
the fast ice, reflecting whether algal cells remained in
the water column or sunk to the bottom (Table 2).
The long retention times of P. pseudodenticulata and
P-n. turgiduloides, which maintained their populations
in the surface layer, would favor diatom grazers. In
fact, large amounts of these species are transferred
into the higher trophic levels of the pelagic realm via
ingestion by heterotrophic dinoflagellates (Ichinomiya
et al., 2007), indicating that their production remains
in the water column. In contrast, the high mass sedimen-
tation of F. kerguelensis and T. australis implies the
export of their production into the benthic ecosystem
(Table 2). These results suggest that the relative contri-
butions of diatoms to the benthic and pelagic ecosystems
depend on which species are released into the water col-
umn. To understand the fate of ice algal production, it is
therefore important to clarify the sinking characteristics
of diatoms after their release from sea ice.
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